Water and detergent recovery from rinsing water in an industrial environment  by Linclau, Eddy et al.
Water Resources and Industry 14 (2016) 3–10Contents lists available at ScienceDirectWater Resources and Industryhttp://d
2212-37
n Corr
E-m
peter.cajournal homepage: www.elsevier.com/locate/wriWater and detergent recovery from rinsing water in an industrial
environment
Eddy Linclau a,n, Johan Ceulemans b, Kristien De Sitter b, Peter Cauwenberg b
a Procter and Gamble, Temselaan 100, 1853 Strombeek-Bever, Belgium
b VITO, Boeretang 20, 2400 Mol, Belgiuma r t i c l e i n f o
Article history:
Received 1 October 2015
Received in revised form
11 March 2016
Accepted 11 March 2016
Keywords:
Water reuse
Resource recovery
Detergents
Nanoﬁltration
MBRx.doi.org/10.1016/j.wri.2016.03.001
17/& 2016 The Authors. Published by Elsevier
esponding author.
ail addresses: linclau.eg@pg.com (E. Linclau),
uwenberg@vito.be (P. Cauwenberg).a b s t r a c t
Wash water streams coming from rinsing of equipment in a detergent production site is in many cases
considered as waste. On site treatment in waste water plants is possible but typically requires advanced
oxidation process (AOP) technology which uses chemicals and creates a waste sludge. A new treatment
approach, based on nanoﬁltration, has been demonstrated at industrial scale in a detergent production
site in China. Wash water could be split into a concentrate stream and water fraction. The concentrate
stream contains most of the valuable surfactants and has a value to recycle. The water fraction can easily
be polished by MBR to feed cooling towers. As such, this production site does not discharge any process
wash water and recovers all resources out of the rinsing water: both chemicals (as surfactants) as the
water.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Production facilities of liquid detergents have typically ‘making
units’, where the product is produced into bulk storage tanks, and
‘packing departments’ where the product is bottled and then
packed for distribution to clients. In both departments, wash water
is generated during cleaning and sanitization activities. This water
is created during the wash-out, which is done to avoid product
contamination when switching between product variants, and
contains considerable amounts of surfactant which in most cases
cannot be discharged into public sewer systems. Similar type of
wash water is generated during the hot water sanitization which is
done to avoid bacterial contamination of the liquid detergents.
This wash water is in general a mixture of clean reverse osmosis
(RO) quality water and detergent product and has a COD ranging
from 5000 to 30,000 mg/l.
Nowadays, some of these wash water streams are treated on
site before being discharged. This typically involves physical–
chemical treatment and/or AOP, biological treatment and where
needed additional polishing. Other wash water streams are col-
lected and sent for an external treatment by e.g. wet oxidation or
incineration with energy recovery. In both cases, the wash water is
seen as a wastewater which needs to be treated. Chemicals andB.V. This is an open access article uenergy are added to transform the wash water into ‘water which
can be discharged’ and ‘sludge’ which is removed as waste. The
cost for the AOP chemicals and sludge removal will vary a lot from
the location but can be 20 to 40 Euro per m3 of water treated. Also
external incineration will represent a signiﬁcant cost.
The European E4WATER project has focused to ﬁnd alternative
solutions and approaches. Within this project, the wash water
streams were considered as a mixture of water and product. In-
stead of using traditional wastewater treatment approaches,
membrane technology was used to extract this product (de-
tergent) back out of the water and to recycle this. The collected
surfactants can be recycled into a variety of applications (eg. lower
grade surfactants for car washes, road cleaning, …) and will gen-
erate a revenue. Addition of chemicals was avoided as this would
contaminate the ‘recycled product’. In addition to the recuperation
of the product, the water stream was treated in order to meet the
legal discharge requirements or, in the ideal case, reuse the water
in the process after an additional polishing step.
In order to achieve both product and water recuperation, a
two-step approach was followed. In a ﬁrst step, nanoﬁltration (NF)
has been used to split the wash water into a high and a low
concentrated stream. If the concentrated stream contains half of
the detergent concentration of the pure product, reuse as lower
grade industrial detergent would become possible. In a second
step, the permeate of the NF (containing COD, BOD and traces of
detergent) was treated within an aerobic membrane bioreactor
(MBR) in order to be able to discharge the water or recycle it backnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The use of NF for the treatment of detergent containing was-
tewaters is well-known in literature and mainly applied for the
treatment of cleaning-in-place (CIP) rinsing water. According to
Kaya et al. [1,2] and Kowalska [3], NF is preferred in the removal of
surfactant monomers from wastewater, while micelles can be re-
moved by microﬁltration (MF) and ultraﬁltration (UF). Archer et al.
[4] studied NF for model solutions containing anionic surfactants
below the critical micelle concentration. Their study showed that
separation performance depends on the properties of the surfac-
tant and the interactions between surfactant and membrane, in-
dicating the importance of the right choice of membrane case-per-
case. Kaya et al. [2] investigated three different NF membranes for
the treatment of single and mixture surfactant solutions. The op-
timal membrane was indeed different depending on the compo-
sition of the surfactant solution. Furthermore, a fast ﬂux decline
was reported in this study caused by the adsorption of the sur-
factants on both surface and pore walls, showing the importance
of fouling in the process.
Since it is well known that the presence of detergents may
induce membrane fouling, also other authors focused on this topic.
Kaya et al. [1] used a two-step NF process in order to recover the
product and reuse the water from a model CIP wastewater. Effects
of pH, temperature and transmembrane pressure (TMP) on
membrane performance and occurrence of fouling were evaluated.
Best results were obtained at pH 5, room temperature and highest
TMP (20 bar). A similar two-step approach was followed by Gön-
der et al. [5]. In the mentioned study, the Taguchi method was
used to investigate which parameters affects the ﬂux decline by
membrane fouling the most. A pH above the isoelectric point of
the membrane, room temperature and lower TMP (12 bar) were
deﬁned as optimal. This is also conﬁrmed by Kertész et al. [6],
although this group pointed out that there is a trade-off between
ﬂux (highest at high temperature) and retention (highest at low
temperature) and between ﬂux (highest at high TMP) and gel layer
formation (also highest at high TMP, which is negative for the
ﬂux). Therefore, also in the present study, research was performed
on the best conditions for the discussed wash water.
In the review paper of Suárez et al. [7], membrane technology
is described as the most promising method for recovering cleaning
agents. They pointed out that most work until now focused on
anionic and nonionic surfactants, and that more work is needed on
real industrial detergent since they include also other important
ingredients. Furthermore, also a lack on larger scale data was ob-
served. As an answer to this, within this paper, all research is
performed on real wash water from one of the production lines (so
called HDL, containing anionic and nonionic surfactants) of P&G.
P&G is one of world's largest non-food consumer goods companies
and produces a wide variety of consumer goods products which
are liquid in nature (fabric detergents, dish washing liquids, hard
surface cleaners, shampoos, …). At the end of the paper also data
from a real industrial test case are reported, since all gathered
knowledge was applied to compose a treatment train for the wash
water of the liquid detergent production site of P&G in China. Due
to local legal requirements, wash water from this production site
cannot be discharged into the local public sewer system, even if it
has been treated. All process related ‘wastewater’ needs to be re-
cycled back into the process. This can be done by recycling the
water back to cooling towers (if CODo50 mg/l, surfactants
o0.5 mg/l and TDSo1000 mg/l) or back as process water (if water
meets drinking water standards). The E4WATER approach was
used to meet this local ‘zero liquid discharge’ legal requirement by
combining tubular NF with MBR and additional polishing via ac-
tivated carbon and surfactant removal resins. To the best of our
knowledge, it is the ﬁrst time this combination of techniques is
demonstrated in an industrial environment.2. Material and methods
2.1. Nanoﬁltration
Nanoﬁltration experiments were performed at lab scale. Tub-
ular membranes from PCI (Polyamide ﬁlm with a CaCl2 retention
of 75%) were chosen for their advantage of lower fouling tendency,
superior cleanability and the ease of membrane replacement. The
tubular membrane system is based on a 12.5 mm ID1.2 m
(length) membrane tube, which consists of a supporting tube that
is coated by a selective membrane layer at the inside. A tube shows
0.072 m2 of membrane area and is contained in a module/tube
holder, which contain 18 tubes. By this way, a maximal membrane
area of 1.37 m2 is generated. The system can be applied for oper-
ating pressures of maximum 64 bar and temperatures of max-
imum 80 °C.
A multi-cycle ﬁltrationwas evaluated with a module containing
18 tubes. A clean water ﬂux was measured at conditions described
by the supplier before and after each test in order to be able to
quantify membrane fouling. Flux was measured and feed and
permeate streams were sampled and analyzed at selected
permeate recoveries. At the end of each ﬁltration cycle, con-
centrate and permeate mixtures were sampled and analyzed. The
former steps were repeated in 3 cycles with each time fresh feed.
2.2. Membrane Bioreactor tests
For the performance of MBR experiments, a bench-scale aero-
bic MBR was used in which different membranes can be tested
simultaneously. The P&ID of the installation can be found in Fig. 1.
This set-up allows operating 6 separate ﬁltration panels at the
same time in the same sludge. The ﬁltration protocols for the three
ﬁltration panels can be identical or different. This allows making
distinction between membrane effects, and effects caused by op-
erational differences or differences resulting from sludge quality.
Operating parameters pH, temperature and TMP are logged con-
tinuously. The pH can automatically be adjusted using base and
acid dosing pumps and a pH control device. Within this study the
chlorinated PE membrane of Kubota was used. The properties of
this membrane are summarized in Table 1.
A solution of 5% HDL (¼ liquid detergent to wash clothes,
available on the market) was ﬁrst treated by Nano Filtration. The
feed solution was concentrated until a permeate recovery of 90%
was reached. The ﬁrst part of the trials were done with water at
room temperature. At the end, the Nano ﬁltration was done at
higher temperature (T40 °C). Characteristics of this NF permeate
are summarized in Table 2. This permeate was further treated into
the MBR pilot.
During the experiments, different analyses were performed on
inﬂuent, efﬂuent and sludge on a frequency of two or three times
each week. A summary is made in Table 3. For all the analytical
work, validated methods (Standard methods for Water and Was-
tewater) were used. Flow, sludge load, hydraulic retention time
(HRT), ﬂux and transmembrane pressure (TMP) were monitored/
calculated on a daily base.
2.3. Validation of treatment train in industrial environment
Based on the lab-results, a treatment train containing NF, MBR
and a polishing step was selected for the treatment of rinsing
water from the P&G production site in China. This site is producing
HDL which is liquid detergent containing anionic and nonionic
surfactants. This treatment train is schematically presented in
Fig. 2.
Wash water is collected in the production department (0) and
pumped to the E4WATER treatment plant buffer tank (1). A
Fig. 1. P&ID of the bench-scale MBR set-up.
Table 1
Properties of ﬂat sheet MBR panels.
Kubota
Material Chlorinated PE
Pore size (mm) 0.2–0.4
Membrane area (m2) 0.116
Table 2
Characteristics of the NF permeate¼MBR inﬂuent.
Parameter Unit Average Minimum Maximum
pH 6.8 6.3 7.6
COD mg/l 4084 3620 4392
Table 3
Summary of analytical work.
Inﬂuent Efﬂuent Sludge
pH X X X
COD X X
BOD X X
Ntotal X X
NO3–N X
NO2–N X
MLSS X
MLVSS X
E. Linclau et al. / Water Resources and Industry 14 (2016) 3–10 5concentration tank was included in the train (2) in order to be able
to run in ‘batch mode with continuous top-up’. Starting from
empty, the concentrate tank is ﬁlled up out of the buffer tank. The
concentrate from the NF membranes (6) is recycled 100% back into
this tank. When permeate is generated in the NF membranes, the
level in the tank is kept constant by continuous topping up the
tank with fresh water from the buffer tank (1). As such, the con-
centrate in the tank is continuous diluted with fresh wash water
and the concentrate level in the tank is slowly rising. This rise in
concentrate will slowly affect the permeate ﬂux through the
membranes. Once the permeate ﬂux through the permeate drop
below a pre-set value, then the systemwill move into batch-mode.As of now, no topping up will happen with fresh water. The NF
membranes (6) will remove permeate as far as possible until the
ﬂux drops below a critical value. At this point, the tank is con-
sidered to be concentrated to its maximum and will be emptied to
go to external recycling (7). After a CIP (Cleaning In Place) cycle
with mild alkaline hot water (5), the system will restart from
empty.
Heat exchangers (3) keep the water at 20–25 °C.
The NF membrane skid (6) contains 8 tubular membrane
modules in parallel (see Fig. 3). Operating pressures up to 60 bar
can be handled. A constant feed ﬂow is retained by speed con-
trolled volumetric pumps (4). A backpressure valve is used to
control the permeate ﬂow.
A permeate tank (8) is used to de-couple the NF membrane
unit from the MBR unit. The MBR unit (9) contains ﬂat sheet
membranes and the reactor has a volume of 11 m3 water. A pol-
ishing step (10) with activated carbon (local Chinese Grade, no
details available) and surfactant removal resins (Lewatit UP OC
1064 MD PH from Lanxess) to guarantee water which can be re-
cycled into cooling towers (11) is added after the MBR.3. Results and discussion
Nanoﬁltration For the trials, COD was used as the main para-
meter to evaluate progress and control the process. Surfactant
analysis was not used because:
– The COD analysis can easily be done with Hach Lange Cuvette
Tests which are available in a wide range (Dr. Lange LCK 514 and
LCK 314). The anionic and non-ionic surfactants can be de-
termined by Hach Lange Cuvette Tests (Dr. Lange LCK 331, 332
and 333) but only at low levels (0–2 mg/l). Measuring high
surfactant streams requires strong dilution of streams which can
introduce a lot of variability.
– During the trials, it was noticed that achieving the required COD
reduction would be the focus point and would be more difﬁcult
to achieve versus achieving the surfactant reduction (see also
Table 6.)
Fig. 2. Schematic presentation of the E4Water treatment train at P&G, China.
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Nanoﬁltration was used for the separation of the wash water
stream into a high concentrated stream containing half of the con-
centration of the pure product and a low concentrated stream. As
mentioned by Kaya et al. [2] right choice of membrane is important
to achieve high ﬂuxes, sufﬁcient retention and as less fouling as
possible. Based on a preliminary membrane screening test, tubular
membranes were selected as most suitable. With these membranes
batch ﬁltrations were performed at 30 bar, 20 l/h feed ﬂow and room
temperature. The feed contained 5% of product in water.
Within Fig. 4, the permeate ﬂux of the membrane is mentioned
as function of the permeate recovery. 90% recovery correspondsFig. 3. NF membrawith an end concentration of 50% product (assuming small losses
through the membrane) which is required to be able to reuse the
concentrate as second grade detergent.
Three following cycles are represented. The ﬂux progress was si-
milar in the 3 ﬁltration cycles, with a ﬂux drop after 40% permeate
recovery. Before and after each cycle, a cleanwater ﬂux was measured.
Based on the unchanged clean water ﬂux, no fouling was detected.
COD concentration was measured for different permeate re-
coveries and for the ﬁnal concentrate stream. Results are sum-
marized in Table 4.
From these results it is clear that permeate COD needs to be
treated further to be able to allow reuse into cooling towers (target
CODo50 mg/l). The COD concentration of the concentrate on thene skid, China.
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Fig. 4. NF ﬂux as function of permeate recovery for a 5% HDL feed.
Table 4
COD concentration (mg/l) in feed, permeate and end concentrate (NF membrane,
5% HDL feed).
Cycle 1 Cycle 2 Cycle 3
Feed 35,000 30,200 28,100
Permeate 20% PR 3460 3190 3590
Permeate 40% PR 3770 3620 3770
Permeate 60% PR 4360 4380 4210
Permeate 80% PR 5510 5900 5400
Permeate 90% PR 6790 9390 6870
Permeate mixture 4140 4150 4180
End concentrate 183,400 260,000 231,100
COD retention (%) 88 86 85
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into water, which is high enough to make reuse possible.3.2. Membrane Bioreactor
3.2.1. Starting-up phase
In order to be able to discharge and/or reuse the low concentrated0 
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Fig. 5. Evolution of the MLSS and MLpermeate of the NF unit, further treatment turned out to be neces-
sary (see inﬂuent characteristics in Table 2). For good biological
growth of the MBR sludge a COD/N/P ratio of 100/2.5/1 is advised.
The MBR feed solution was adapted to this ratio by dosing phos-
phorus as K2HPO4 salt and nitrogen as NH4Cl salt. As the wastewater
does not contain micronutrients a commercial micronutrient solu-
tion (Omex) was dosed during the weekdays (5 d/week).
At the start of the test, the lab MBR reactor was fed with sludge
from a full scale MBR reactor treating municipal waste water. The
MLSS concentration was 10 g/l. Within Fig. 5, the evolution of
the mixed liquor suspended solids (MLSS) and the mixed liquor
volatile suspended solids (MLVSS) concentration was presented.
During the ﬁrst two weeks of the experiment, a decrease of the
MLSS was noticed. This is not unexpected, since it is known that
the presence of (small amounts of) surfactants can worsen the
natural foaming in the reactor caused by extra-cellular polymeric
substances (EPS) produced by the micro-organisms [8]. After an
adaptation period of two weeks, foaming stopped and the sludge
concentration started to increase. From day 30, MLSS concentra-
tion was kept constant (7–8 g/l) by removing the excess sludge on
a regular base. Sludge load was kept constant around 0.2–0.330 40 50 60 
 (days) 
MLVSS (g/L) 
VSS concentration in the reactor.
E. Linclau et al. / Water Resources and Industry 14 (2016) 3–108gCOD/(gMLSS.d) by increasing the feed ﬂow. This value is in line
with typical sludge load for biological systems.
3.2.2. Filtration regime of the Membrane Bioreactor membranes
The ﬁltration regimes were based on guidelines received from
the suppliers. Relaxation was used as a way of physical cleaning all
membrane panels and was achieved by ceasing the permeation
while continuing to scour the membrane with air bubbles. ATable 5
Filtration regimes of the ﬂat-sheet
membrane panels.
Provider Kubota
Cycle time (min) 10
Filtration (min) 8
Relaxation (s) 120
Air ﬂow rate (N m3/h) 0.7
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referred to the web version of this article.)summary of used ﬁltration regime is given in Table 5.
A typical plot of the evolution of TMP and ﬂux for the Kubota
membrane as function of time can be seen in Fig. 6. During op-
eration of the MBR a fouling layer is formed on the membranes
which requires an increased transmembrane pressure in order to
maintain stable ﬂuxes.
Nevertheless it was not the goal to optimize the membrane
operating conditions for this wastewater, it was noted that once
operating above the ﬂux of 17 l/m2 h, the TMP increased fast and
cleaning actions were required.
3.2.3. Long-term process performance
Based on this information, the MBR containing Kubota mem-
branes was operated at a ﬁltration ﬂux of 15 l/m2 h. After an
adaptation phase of two weeks, a stable biological process was
observed. The COD concentrations of the efﬂuent samples are
shown in Fig. 7. Efﬂuent BOD was below 3 ppm and full0 
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After start-up and adaptation of the sludge to the inﬂuent, ef-
ﬂuent COD values below 50 mg/l were reached at an average
sludge load of 0.2–0.3 g COD/g MLSS.d, making discharge and re-
use of the stream possible.
3.3. Validation of treatment train
After successfully demonstrating the possibility of using (1) NF
for the separation of HDL wash water into a high concentrated
stream and a low concentrated stream and (2) aerobic submerged
MBR for further treatment of the low concentrated stream at lab-
scale, both technologies are included in the wash water treatment
train of the production site of P&G in China. The full treatment
train is represented in Fig. 2.
The tubular NF membrane unit was started up in February 2015
and treated more than 3000 t of wash water since then. On aver-
age, one batch of 50–60 t of wash water was treated in one cycle.
After each cycle, a 30 min CIP is done with hot water (40–50 °C)þ
Ultrasil 67 from Ecolab. Within Fig. 8, the evolution in permeate
ﬂow over 6 consecutives cycles is presented.
During each cycle, a drop in permeate ﬂow was seen towardsFig. 8. NF permeate ﬂow
Fig. 9. COD concentration of the NFthe end of the cycle. This decrease was caused by the increase in
feed concentration and by membrane fouling. Inlet pressure of the
membrane increased up to 45 bar trying to keep the permeate
ﬂow constant. Maximum concentration was assumed as soon as a
pressure of 45 bar or a permeate ﬂow below 2 l/min was reached.
Concentrate was pumped out, a CIP cleaning was performed and a
new cycle was started. On average, one batch of 60 t wash water
resulted in 4 t of concentrate. The concentrated stream contained
30–50% of the surfactant levels of the original product and can be
externally recycled in lower grade detergent production.
Permeate of the NF unit was used as inﬂuent for the MBR. Due
to the constant dilution by the ‘batch with top-up approach’, the
concentration of product in water entering the NF membranes
remained low during most of the batch, which resulted in a better
average permeate quality compared to the results obtained in
small-scale tests (see Fig. 9 and Table 4). Only when the system
went into full concentration at the end of the batch, higher con-
centrations were pumped into the membranes. This caused small
peaks of COD in the efﬂuent but this short term effect was aver-
aged out via the permeate tank.
The MBR unit was started up in July 2015. The MLSS was slowly
growing to 8000 mg/l range. Food/Mass ratio was kept at 0.1–0.2as function of time.
permeate as function of time.
Table 6
Properties of the different streams in the treatment train.
Stream COD (mg/l) Anionic surfactant (mg/l)
Equalization buffer tank 10,000–50,000 800
NF permeate 1000–3000 30
MBR permeate o100 o0.5
Final quality after polishing o50 o0.5
Target to recycle into cooling
tower
o50 o0.5
Fig. 10. COD concentration of the MBR permeate as function of time.
E. Linclau et al. / Water Resources and Industry 14 (2016) 3–1010gCOD/gMLSS.d. No sludge was removed for the ﬁrst 6 months. As
of then, sludge is wasted once per month to keep the MLSS within
the 8–10 g/l range. In Fig. 10, COD in the MBR efﬂuent is presented
as function of time.
After 80 days, the COD concentration was ﬂuctuating between
50 and 100 mg/l. To be able to reuse permeate in cooling towers, a
COD below 50 mg/l and an anionic surfactant concentration below
0.5 mg/l is needed. Therefore, an extra polishing step including
activated carbon and surfactant removal resins (for safety reasons)
was added to the system. As can be seen in Table 6, the ﬁnal
quality at the end of the treatment train allowed reuse of the
water. Salinity and inorganic composition of the water has been
veriﬁed in more details and were meeting the speciﬁcations for
the cooling tower.(TDS at 628 mg/l; CaCO3 at 8.4 mg/l; Ca2þat
3.26 mg/l; Mg2þat 0.06 mg/l; SO4 at 179 mg/l; Cl at 328 mg/l;
TSS at 7 mg/l)4. Conclusions
Within this research, the combination of NF and aerobic MBR
was tested for the treatment of real wash water from the HDL
production line of P&G. Both lab-scale and full-scale tests were
successfully performed. By NF, a separation into a high con-
centrated stream (COD450,000 mg/l) and a low concentrated
stream was reached. The concentrated stream can be reused as
second grade detergent; the low concentrated stream was furthertreated in an aerobic MBR. Since this stream still contained some
detergent, foaming occurred during adaptation of the sludge, but
after an adaptation phase, a stable process was reached. At lab-
scale Kubota membranes were operated stable with ﬂuxes of 15
l/m2 h. Similar ﬂat sheet membranes are used at industrial scale.
At lab scale, MBR permeate quality was sufﬁcient for the reuse of
the water into cooling towers (CODo50 mg/l and anionic surfac-
tant concentration o0.5 mg/l), but in real industrial environment,
an extra polishing step was added to guarantee sufﬁcient quality.Acknowledgments
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